Background: Neutrophil elastase, alveolar thrombin generation, and fibrin deposition play crucial roles in the development of acute respiratory distress syndrome (ARDS) and disseminated intravascular coagulation (DIC). However, the usefulness of combination therapy with a selective neutrophil elastase inhibitor, sivelestat, and recombinant human soluble thrombomodulin (rhTM) for patients with ARDS and DIC remains unknown. Methods: We conducted a retrospective data analysis of 142 ARDS patients with DIC to assess the effects of sivelestat combined with rhTM. Patients were divided into four groups: control (no sivelestat or rhTM treatment), sivelestat treatment alone, rhTM treatment alone, and combined treatment with sivelestat and rhTM. A Cox proportional hazard model was used to assess subject mortality rates. The efficacy of these drugs was evaluated based on survival rate, number of ventilator-free days, and change in PaO 2 /F I O 2 (P/F) ratios and DIC scores before and at 7 days after a diagnosis of ARDS with DIC. Results: Multivariate analysis showed that patient age, combination therapy, gas exchange, organ failure, cause, associated disease score, and serum C-reactive protein levels were predictors of mortality for patients with ARDS and DIC. As compared with untreated controls, combination therapy significantly improved the 60-day survival rate of patients with ARDS and DIC. There were significantly more ventilator-free days for those who received combination therapy than for untreated controls. P/F ratios and DIC scores were significantly improved with sivelestat alone, rhTM alone, or their combination as compared with untreated controls. Conclusion: Our results suggest that combined treatment with sivelestat and rhTM has beneficial effects on survival and the respiratory and DIC status of patients with ARDS and DIC.
Introduction
The American-European Consensus Conference on acute respiratory distress syndrome (ARDS) defined it as a syndrome of inflammation and increased pulmonary vascular permeability. 1 The pathogenesis of ARDS involves inflammatory reactions associated with the accumulation of neutrophils in the lungs. [2] [3] [4] [5] [6] Neutrophils and neutrophil elastase, which is released from activated neutrophils, play important roles in the endothelial injury and increased permeability associated with ARDS. 7, 8 Disseminated intravascular coagulation (DIC) involves pathological microthrombus formation that is followed by thrombolysis in the systemic circulation, which results in the consumption of coagulation factors and platelets. [9] [10] [11] [12] Microthrombus formation causes organ ischemia, which often leads to organ failure. The rate of complications 
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Miyoshi et al of ARDS and DIC gradually increases in proportion to progression of the severity of systemic inflammatory response syndrome (SIRS). 13 Sivelestat (Ono Pharmaceutical Co, Ltd, Osaka, Japan) is a selective neutrophil elastase inhibitor 14 that has been reported to be effective for endotoxin-induced lung injury in hamsters, guinea pigs, and sheep. 14, 15 Phase III and Phase IV studies conducted in Japan showed that sivelestat reduced the duration of mechanical ventilation, shortened intensive care unit stays, and prolonged the survival of patients with acute lung injury. 16 , 17 Hayakawa et al also reported that sivelestat administration was an independent predictor for the survival of septic patients with both ARDS and DIC. 18 Recombinant human soluble thrombomodulin (rhTM) suppresses thrombus formation by inhibiting thrombin coagulation activity and by activating protein C in complex with thrombin. [19] [20] [21] rhTM administration was reportedly more effective for improvements in DIC as compared with administering heparin to patients with infection-induced DIC and hematological malignancy-associated DIC. 22 Ogawa et al also reported that rhTM administration may have a significant beneficial effect on respiratory dysfunction in patients with infection-induced DIC who required ventilator management. 23 Previous reports have shown the effectiveness of sivelestat for patients with ARDS and rhTM for patients with DIC. [16] [17] [18] 22, 23 However, the usefulness of combination therapy with sivelestat and rhTM for patients with ARDS and DIC has not been determined, and only a few studies have evaluated the efficacy of sivelestat for DIC and the efficacy of rhTM for respiratory status. Thus, the aim of this study was to assess the efficacy of combination therapy with sivelestat and rhTM and whether sivelestat was useful for DIC status and rhTM was useful for the respiratory status of patients with ARDS and DIC.
Materials and methods study population
This was a retrospective study of ARDS patients with DIC who were admitted to Ehime University Hospital during the period from 2009 to 2013. Patients were excluded if they were younger than 20 years of age; had a neuromuscular disease that impaired spontaneous ventilation; or had severe chronic pulmonary disease, severe central nervous system disease, uncontrolled malignancy, or severe chronic liver disease. Our study protocol was approved by the local ethics committee, and informed consent was waived because of this study's retrospective design.
Diagnoses of arDs, Dic, sirs, and sepsis
The four criteria used for a diagnosis of ARDS were based on the Berlin definition: 24 acute respiratory failure not fully explained by cardiac failure or fluid overload, bilateral opacities consistent with pulmonary edema on chest radiograph or computed tomography scan, onset within one week after a known clinical insult or new/worsening respiratory symptoms, and oxygenation with a PaO 2 /F I O 2 (P/F) ratio #300 mmHg.
A diagnosis of SIRS was confirmed by the presence of at least two of the following conditions that were originally proposed by the American College of Chest Physicians/ Society of Critical Care Medicine Consensus Conference:
25 body temperature ,36°C or .38°C, heart rate .90 beats per minute, respiratory rate .20 breaths/minute or PaCO 2 ,32 mmHg, and/or white blood cell count .12,000 cells/µL or ,4,000 cells/µL, or .10% immature (band) cells.
The scoring system of the Japanese Association for Acute Medicine 26 was used for a diagnosis of DIC. The Japanese Association for Acute Medicine DIC score includes four variables: SIRS score, platelet count, prothrombin time, and fibrin/fibrinogen degradation products. Patients were diagnosed with DIC when the summed score of these four variables was $4.
Sepsis was diagnosed based on the following criteria proposed by the Society of Critical Care Medicine/ European Society of Intensive Care Medicine/American College of Chest Physicians/American Thoracic Society/ Surgical Infection Society International Sepsis Definition Conference, 27 ie, conf irmed source of infection and fulfillment of SIRS criteria.
interventions and treatments
All patients received pressure-controlled and pressuresupported mechanical ventilation with a positive endexpiratory pressure. At the time that ARDS with DIC was diagnosed, sivelestat was continuously administered intravenously at a rate of 0.2 mg/kg/hour for a maximum of 14 days. Continuous rhTM administration was also started at a dose of 0.06 mg/kg/day for a maximum of 6 consecutive days. For this retrospective study, there were no predefined protocols regarding the definite indications for sivelestat and/or rhTM. Therefore, these drugs were administered at the discretion of the attending physician.
Except for sivelestat and rhTM therapies, all patients were primarily treated according to the strategy described in the expert consensus for the treatment of DIC in Japan. In addition, septic patients were treated according to Surviving Sepsis Campaign guidelines. 29 We did not administer rhAPC to all patients because rhAPC has not been approved in Japan.
Data acquisition
Baseline data were acquired from patient records. Clinical data, including ARDS etiology, the number of failed organs, and values for assessment systems, which included sequential organ failure assessment (SOFA) scores, 30 gas exchange, organ failure, cause, associated disease (GOCA) scores, 31 SIRS scores, and DIC scores, were collected at the time that ARDS with DIC was diagnosed. Laboratory test results, including white blood cell count, platelet count, and C-reactive protein levels, were acquired at the time that ARDS with DIC was diagnosed. Patients were followed up for 60 days after a diagnosis of ARDS with DIC.
Sivelestat or rhTM efficacy was evaluated based on survival rate, number of ventilator-free days, and change in P/F ratio (∆P/F) and DIC scores (∆DIC score) between before and at 7 days after a diagnosis of ARDS with DIC. Ventilatorfree days were defined as the number of days (day 1 to day 28) that a patient breathed without assistance. 32 
statistical analysis
Results are given as medians and interquartile ranges. The Mann-Whitney U test or Chi-square test was used to compare results between two groups. When patients were divided into four groups (untreated controls, sivelestat alone, rhTM alone, and combination treatment), Kruskal-Wallis analysis or a chi-square test was used to compare the results of these four groups. Univariate analyses by Cox proportional hazard models were used to assess the relationships between patient mortality and the following variables: sex, age, steroid administration, sivelestat or rhTM alone, combination therapy with sivelestat and rhTM, sepsis, number of failed organs, SOFA score, GOCA score, SIRS score, DIC score, P/F ratio, white blood cell count, platelet count, and C-reactive protein serum levels at the time of diagnosis with ARDS and DIC. Variables that were found to be significant by univariate analysis were taken as potential predictors of mortality and used as covariates in multivariate analysis to identify independent predictors of mortality. To assess the clinical efficacy of sivelestat or rhTM, survival was assessed using a Cox proportional hazard model with sex, age, P/F ratio at the time of ARDS diagnosis, number of failed organs, and septic status as covariates. Hazard ratios and 95% confidence intervals (CIs) were determined for these variables. The Kaplan-Meier method was used to estimate survival rates, and comparisons were made using log rank tests. All tests were two-tailed, and P-values ,0.05 were considered significant. Statistical analysis was performed using Statistical Package for the Social Sciences for Windows version 19 software (SPSS, Inc., Chicago, IL, USA).
Results

Patient characteristics
A total of 594 patients with ARDS and/or DIC were initially assessed for inclusion in this study. We excluded 113 patients who did not satisfy the definition of ARDS, 86 who did not satisfy the definition of DIC, 23 who were younger than 20 years of age, 161 who had an uncontrolled malignancy, 13 who had severe chronic pulmonary disease, 40 who had severe chronic liver disease, four who had a neuromuscular disease that impaired spontaneous ventilation, and 12 who had a severe central nervous system disease. The remaining 142 patients (87 men and 55 women) were included in the study. The characteristics of patients with ARDS and DIC are shown in Table 1 . Their median age was 70 years and most had sepsis (70.4%). Univariate analyses showed that age, sivelestat therapy, rhTM therapy, combination therapy with sivelestat and rhTM, number of failed organs, SOFA score, GOCA score, platelet count, and serum C-reactive protein levels were significantly associated with the mortality of ARDS and DIC patients ( Table 2) . Because there was some overlap among patients between each single therapy group and the combination therapy group, we only included combination therapy as a variable for multivariate analysis. Multivariate analysis showed that age, combination therapy, GOCA score, and serum C-reactive protein levels were predictors of mortality for ARDS patients with DIC ( Table 2) .
characteristics of patients with and without sivelestat and/or rhTM therapy
We divided patients into four groups based on the administration of sivelestat and/or rhTM. The characteristics of these patients at the time of their diagnosis of ARDS with DIC are shown in Table 3 . There were 54 patients in the control group, 36 patients in the sivelestat alone group, 31 patients in the rhTM alone group, and 21 patients in the combination therapy group. There were no significant differences in the results for any of the variables between these four groups.
Efficacy of sivelestat and/or rhTM for arDs and Dic patients
Kaplan-Meier survival curves are shown in Figure 1 . As compared with untreated controls, combination therapy significantly improved the 60-day survival rate of patients with ARDS and DIC (P=0.004). The survival rate with each single therapy alone tended to be higher than that of the control group, although these differences were not significant (P=0.064 for sivelestat alone and P=0.081 for rhTM alone). The ventilator-free day results for the combination group were significantly better than those for the control group ( Figure 2A ). P/F ratios and DIC scores at 7 days after a diagnosis of ARDS with DIC significantly improved with each single therapy and the combination therapy ( Figure 2B and C).
Patient clinical factors amenable to sivelestat and rhTM therapy
Sivelestat administration was significantly effective for patients with a P/F ratio $100 mmHg and sepsis ( Figure 3 ). By comparison, rhTM administration was effective for patients aged $65 years, a P/F ratio of $100 mmHg, fewer than three failed organs, and sepsis ( Figure 3 
Discussion
In this study, we demonstrated that treatment with both sivelestat and rhTM could significantly prolong the survival of patients with ARDS and DIC and that a decision whether or not to administer both sivelestat and rhTM might be associated with the mortality of patients with ARDS and DIC. In addition, each single therapy regimen and the combination therapy resulted in improved respiratory and DIC status in ARDS and DIC patients. Thus, we propose that administering sivelestat and rhTM may be useful for patients with ARDS and DIC. Treatment with sivelestat or rhTM may improve the respiratory status of ARDS patients with DIC. Neutrophils and neutrophil elastase are thought to play critical roles in the endothelial injury and increased permeability involved in the pathogenesis of ARDS. 7, 8 Sivelestat is a selective neutrophil elastase inhibitor and it was reported that administering sivelestat improved ventilator-free day results and ventilator weaning rates in patients with acute lung injury and SIRS. 17 Our study also showed that treatment with sivelestat significantly improved P/F ratios at 7 days after a diagnosis of ARDS with DIC as compared with the untreated control group.
Regarding rhTM therapy, it was reported that rhTM suppressed thrombus formation by inhibiting thrombin coagulation activity and by activating protein C in complex with thrombin, [19] [20] [21] and has been generally used for DIC treatment. It was also reported that protein C prevented an increase in endotoxin-induced pulmonary vascular permeability by inhibiting tumor necrosis factor-α production in rats. 33 Uchiba et al reported that rhTM prevented endotoxin-induced pulmonary vascular injury by inhibiting pulmonary accumulation of leukocytes mediated through thrombin binding and subsequent protein C activation. 34 Ogawa et al also reported Note: results are median values (interquartile ranges in parentheses). Abbreviations: yr, years; rhTM, recombinant human soluble thrombomodulin; arDs, acute respiratory distress syndrome; sOFa score, sequential organ failure assessment score; GOCA score, gas exchange, organ failure, cause, associated disease score; SIRS, systemic inflammatory response syndrome; DIC, disseminated intravascular coagulation; PaO 2 /F i O 2 ratio, oxygen partial pressure divided by fraction of inspired oxygen; WBc, white blood cell; PlT, platelet; crP, c-reactive protein. that the respiratory component of the SOFA score and the lung injury score in the rhTM group significantly decreased as compared with those in the control group. 23 Our results also showed that rhTM administration significantly improved P/F ratios at 7 days after a diagnosis of ARDS with DIC as compared with the control group. These results suggest that sivelestat and rhTM may be useful for improving the respiratory status of patients with ARDS and DIC.
Treatment with sivelestat or rhTM may also be useful for improving the DIC status of patients with ARDS and DIC. It was reported that neutrophils and neutrophil elastase play critical roles in the pathogenesis of DIC. 35 Systemic inflammation characterized by excessive production of proinflammatory cytokines activates neutrophils and induces their excessive release of neutrophil elastase. [36] [37] [38] This excess neutrophil elastase and other proinflammatory mediators synergistically injure endothelial cells. [36] [37] [38] Tissue factor is expressed on injured endothelial cells and activated mononuclear cells. 9, 35, 39, 40 This tissue factor triggers the procoagulant cascade, induces aberrant coagulation and fibrinolysis, and results in DIC. Hayakawa et al reported that the time until DIC scores improved was shorter in a sivelestat group than in a control group. 18 Our study also showed that the improvement in DIC scores at 7 days after a diagnosis of ARDS with DIC was significantly greater in the sivelestat group than in the control group.
Regarding rhTM efficacy, Yamakawa et al reported that both Japanese Association for Acute Medicine and International Society of Thrombosis and Hemostasis DIC scores in the rhTM group were significantly decreased as compared with those in the control group. 41 In addition, Saito et al reported that rhTM therapy was significantly superior to heparin administration for improving DIC status. 22 In the present study, we also demonstrated that ∆DIC scores in the rhTM group significantly decreased as compared with those in the control group. These results suggested that sivelestat or rhTM therapy may be useful for improving DIC status in patients with ARDS and DIC.
Combination therapy with sivelestat and rhTM may be useful and reasonable for patients with ARDS and DIC. As noted above, the present study demonstrated that each single therapy regimen may improve respiratory and DIC status in patients with ARDS and DIC. This combination therapy showed results that were similar to those achieved with each single therapy regimen. In addition, our results showed that the combination therapy significantly improved the 60-day survival rate in patients with ARDS and DIC. The ventilator-free day results in the combination therapy group were significantly better than those in the control group. Multivariate analysis showed that a decision whether or not to administer both sivelestat and rhTM was significantly associated with the mortality of patients with ARDS and DIC. These result suggested that combined treatment with sivelestat and rhTM might have beneficial effects for ARDS patients with DIC.
Age, respiratory condition, septic status, and the number of failed organs might have affected the efficacy of the combination therapy in patients with ARDS and DIC. In our previous study, we showed that baseline respiratory function and septic status might have affected the efficacy of sivelestat use for patients with acute lung injury and SIRS. 42 It was also reported that rhTM may have a significant beneficial effect on mortality and respiratory dysfunction in patients with sepsis-induced DIC. 19, 23 Our present study results were in agreement with those in these previous reports. Additionally, in the present study, combination therapy was significantly more effective for patients aged $65 years and those in whom the number of failed organs was less than three. Further studies will be needed to clarify the clinical factors that are favorable for using this combination therapy in patients with ARDS and DIC.
Unlike similar previous studies, we did not obtain statistically significant differences in survival and ventilator-free days between each single therapy group and the control group. This might be related to differences in patient characteristics. Previous studies included DIC patients with sepsis, whereas our study included heterogeneous groups of DIC patients with ARDS induced by diseases other than sepsis. In addition, we previously reported that sivelestat might be beneficial for patients with acute lung injury and sepsis, but not for patients with acute lung injury without sepsis. 42 In the present study, we also demonstrated that administration of sivelestat and rhTM was more effective for patients with sepsis than for those without sepsis (Figure 3 ).
Sivelestat and rhTM therapy might be tolerated by patients with ARDS and DIC. Previous reports indicated that the frequency of adverse events in sivelestat or rhTM groups was not higher than that in control groups. 17, 22, 23 The incidence of adverse events with sivelestat use in the present study was lower than that in a previous report. 17 In addition, the incidence of adverse events with rhTM use in the present study was similar to that in a previous report. 22 These results indicate that sivelestat and rhTM toxicities are acceptable for patients with ARDS and DIC.
The limitations of this study include the following. Our study was a retrospective analysis and the number of patients was small. We made no restrictions on the use of other drugs in addition to sivelestat and rhTM, and we did not evaluate other therapies except for the use of steroids.
In conclusion, our study results demonstrate that the combination of sivelestat and rhTM may improve the survival of patients with ARDS and DIC. Each single therapy alone and the combination of sivelestat and rhTM may be useful for improving the respiratory and DIC status of patients with ARDS and DIC. However, a large prospective study is needed to establish the usefulness of sivelestat and rhTM for ARDS patients with DIC.
